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Slow spin fluctuations (ν < 1012 s−1) observed by the muon spin relaxation technique in
Y1−xScxMn2 exhibits a power law dependence on temperature (ν ∝ T
α), where the power con-
verges asymptotically to unity (α → 1) as the system moves away from spin-glass instability with
increasing Sc content x. This linear T dependence, which is common to that observed in LiV2O4,
is in line with the prediction of the “intersecting Hubbard chains” model for a metallic pyrochlore
lattice, suggesting that the geometrical constraints to t2g bands specific to the pyrochlore structure
serve as a basis of the d-electron heavy-fermion state.
PACS numbers: 75.25.+z, 75.50.Lk, 76.75.+i
Geometrical frustration in electronic degrees of free-
dom such as spin, charge, and orbit, which is often re-
alized on stages of highly symmetric crystals, has been
one of the major topics in the field of condensed mat-
ter physics. In particular, numerous studies of local elec-
tronic systems (i.e., insulators) have revealed a wide vari-
ety of interesting phenomena associated with geometrical
frustration, e.g., incommensurate order with long period-
icity, successive unfolding of self-organized structures at
different energy scales, nontrivial effects of strong fluc-
tuation originating from the degeneracy of states over a
macroscopic scale, weakened critical divergence, and as-
sociated new universality class of criticality.
Although a similar situation may be speculated on, lit-
tle is actually known about the effect of geometrical cor-
relation on itinerant electron systems. As one of few such
examples, the heavy-fermion behavior in a cubic vana-
dium spinel, LiV2O4, has received considerable interest
[1, 2], where such a local electronic correlation specific
to the highly symmetric pyrochrore structure may be of
direct relevance to the formation of heavy-quasiparticle
(QP) state.
The heavy QPmass (m∗) is phenomenologically under-
stood to come from the sharp increase in the electronic
density of states near the Fermi surface and associated
flattening of band dispersion [dN(EF)/dE ∝ m
∗ → ∞].
In rare-earth compounds, such enhancement is induced
by the conversion of local f -electron degrees of freedom
into N(E) by the Kondo effect, which is observed as a
peak structure of N(E) near EF. While such a structure
in N(E) has been suggested in LiV2O4 by photoemission
spectroscopy [3], the dynamical fluctuation of seemingly
“local” vanadium magnetic moments associated with the
heavy-QP state has been inferred from muon spin rota-
tion and relaxation (µSR) measurements [4, 5]. The lat-
ter indicates that the conventional Kondo coupling (that
virtually eliminates “local” spins over a time scale longer
than ν−1ex = h/Jcf ∼ 10
−13–10−14 s, where Jcf is the ex-
change energy between conduction electrons and f elec-
trons) is not in effect, thereby suggesting different origin
of the heavy QP state.
This situation naturally turns our interest to yittrium
manganite (YMn2), an intermetallic Laves phase (C15-
type) compound that is the first example of transition-
metal systems in which a heavy-QP state is observed. It
comprises a three-dimensional network of corner-shared
tetrahedra with Mn ions at their corners, providing a
stage equivalent to the cubic pyrochlore lattice. Although
YMn2 exhibits magnetic order with complex helical mod-
ulation and a large volume expansion below TN ∼100 K
[6], it remains in a paramagnetic state under hydrostatic
pressure (≥ 0.4 GPa) [7] or upon the substitution of Y by
Sc (Y1−xScxMn2, with x ≥ 0.03) [8] which is also accom-
panied by a large increase in QP mass (m∗ ∼15 times
the band mass) as inferred from the electronic specific
heat [9, 10]. Despite studies focused onto identifying the
origin of the heavy-QP state, the issue still stands as a
major challenge that has increased in importance with
the succeeding discovery of LiV2O4.
Here, we report on the spin dynamics of Y1−xScxMn2
studied by the muon spin relaxation (µSR) technique at
various Sc contents x. It is shown that Mn spin fluc-
tuation persists over a low frequency range (ν < 1012
s−1), which is characterized by a power law temperature
dependence, ν ≃ c · Tα. The power α asymptotically ap-
proaches unity with increasing x (∝ chemical pressure),
while α ∼ 2 as ν shows tendency of rapid slowing down
toward a quasistatic spin-glass state near x = 0.03. The
presence of such linear T dependence of spin fluctuation
strikingly resembles that in the case of LiV2O4, which is
understood as a characteristic property of spin-spin cor-
relations for the intersecting Hubbard chains as a model
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FIG. 1: (Color online) (a) Specific heat divided by tempera-
ture (C/T ) vs T 2 in Y1−xScxMn2 with x = 0.03, 0.05, 0.07,
and 0.08. (b) Electronic specific heat coefficient (γ) vs x de-
duced by curve fitting of data shown in (a). (c) Magnetic
susceptibility (measured at 1 T) vs temperature.
of the pyrochlore lattice [11]. This implies the crucial role
of t2g orbitals as one-dimensional chains that are under a
strong geometrical constraint of pyrochlore lattice struc-
tures, and further suggests the dimensional crossover due
to coupling between these chains as one of the origins of
the heavy-fermion state [12].
Polycrystalline samples of Y1−xScxMn2 with various
Sc contents (x = 0.03, 0.05, 0.07, and 0.08, as prepared)
were grown from melts in an argon arc furnace followed
by annealing, where the details of sample preparation
are described elsewhere [8]. The magnetization and spe-
cific heat measurements were performed on the samples
grown under the same condition as those for µSR, where
the thermal relaxation method was used for the latter
measurements.
As shown in Fig. 1a, the specific heat divided by tem-
perature (C/T , plotted against T 2) exhibits a system-
atic variation with Sc content, from which, as shown in
Fig. 1b, one can deduce the electronic specific heat coeffi-
cient γ by curve fitting using the relation C/T = γ+a·T 2,
where the second term represents the contribution of
phonons. The obtained values are consistent with ear-
lier literature values (reported γ values for x = 0.03 and
0.08), and much greater than that predicted by band cal-
culation (∼ 9 mJ/K2mol), where m∗ is close to that in
the case of UPt3 [9, 13, 14]. A similar mass enhance-
ment was observed in YMn2 under hydrostatic pressure
to suppress the structural transition below ∼100 K, indi-
cating that the Sc substitution corresponds to chemical
pressure [10, 15]. The general trend of reduced γ as well
as the magnetic susceptibility χ (Fig. 1c) at a greater x
is qualitatively in line with the reduction in N(EF) due
to enhanced band width. The development of a Curie-
Weiss-like behavior in χ at lower temperatures (although
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FIG. 2: (Color online) Typical examples of µSR spectra [time-
dependent asymmetry, A(t)] observed in Y1−xScxMn2 at 2 K
under two different longitudinal fields [H0 = 10 mT (trian-
gles) and 5 T (circles)], where spectra for x ≥ 0.05 are shifted
vertically by 0.05 with each x for clarity. Solid curves show
best fits using the function described in the text.
it is weak, as implied by a large offset of vertical axis in
Fig. 1c) is similar to that in the case of LiV2O4, whose
possible origin is discussed below.
Conventional µSR measurements were performed on
the M20 beamline of TRIUMF, Canada. A µSR appara-
tus furnished with a superconducting magnet was used to
measure the time-dependent positron decay asymmetry
at a longitudinal field (LF) of up to 5 T. The samples were
loaded on a He gas-flow cryostat with special precaution
to avoid exposure to air that would deteriorate sample
quality. A magnetic field was applied parallel to the ini-
tial muon spin direction ~Pµ(0), which was also parallel to
the muon beam direction (zˆ-axis). The time-dependent
muon polarization [Gz(t) = zˆ · ~Pµ(t)] was monitored by
measuring the decay-positron asymmetry along the zˆ-
axis [A(t) = A0Gz(t), with A0 ≃ 0.2 being the initial
asymmetry] .
Figure 2 shows some examples of LF-µSR spectra at
low temperatures (≃ 2 K), where the depolarization rate
(λ) decreases with increasing Sc content x and tends to
approach an asymptotic value (as it exhibits little change
between x = 0.07 and 0.08). It is also noticeable that λ
is mostly independent of the magnitude of external field
(H0) for x ≥ 0.05, while it shows a slight variation with
H0 for x = 0.03. These features can be readily under-
stood within the conventional model of metals, which
shows λ under fluctuating hyperfine fields as
λ(ν,H0) ≃
2δ2µν
ν2 + γ2µH
2
0
· kBTχ, (1)
where δµ is the hyperfine field exerting on muons, ν is
3the fluctuation rate of δµ, and γµ is the muon gyro-
magnetic ratio (= 2π × 135.53 MHz/T). Equation (1)
is valid when ν ≫ δµ. Assuming that muons are lo-
cated at the 16c site (or its vicinity, as reported in ear-
lier literature including those on hydrogen in YMn2 [16–
18]), δµ is calculated from the muon-Mn dipolar tensor
to yield δµ/µB = 36 MHz/µB, which we adopt as a con-
stant for the rest of the analysis. This is partly justi-
fied from the fact that, in the sample with x = 0.03,
the value is in good agreement with that estimated from
the field dependence of λ [δµ = 41(2) MHz] and that
the Mn moment size suggested from neutron scattering
is ∼1µB[19], while the independence of δµ against x re-
mains as a reasonable hypothesis. We also note that
eq. (1) has been successfully applied to various types of
magnetisms including that of quasi-one-dimentional com-
pounds [20]. Equation (1) is modified to yield the fluc-
tuation rate ν ≃ δ2µkBTχ/λ+
√
(δ2µkBTχ)
2/λ2 + γ2µH
2
0 ,
from the experimental values of λ and χ. As shown be-
low (see Fig. 4), the deduced ν turns out to be always
greater than δµ, indicating the valid use of eq. (1).
Least-squares curve fits were attained to deduce λ from
µSR time spectra using
AGz(t) = A0[(1− ap) exp{−(λt)
β}+ ap], (2)
with the power β and a constant term ap as additional
parameters. Here, we introduce the stretched exponen-
tial decay to reproduce the possible effect of randomness
due to Sc substitution and the associated deviation of
spin dynamics from that described by the simple spin
correlation model with a single value of δµ and/or ν at a
given temperature [16, 21]. The presence of the term ap
is clearly inferred in the case of x = 0.03 from the leveling
off of the time spectra for t ≥ 4 µs (see Fig. 2, needed for
x = 0.05 as well). Although its origin is unclear at this
stage, the nonzero ap suggests more weight for ν ≫ δµ in
the spectral density P (ν). Apart from such ambiguity,
we note that excellent fits were obtained in all of the cases
with ap fixed to the values deduced at 2 K [i.e., indepen-
dent of temperature, with ap = 0.348(2) and 0.277(2) for
x = 0.03 and 0.05, respectively, and ap = 0 for other
cases]. It also turned out that the fits were insensitive to
β for x = 0.08 at higher temperatures; therefore β was
fixed to the value deduced at 2 K [β = 0.678(4)]. Solid
curves in Fig. 2 represent the best fits obtained under
these conditions.
The temperature dependences of the parameters de-
duced from curve fits are summarized in Fig. 3. Although
β varies only slightly with x, λ exhibits a clear tendency
of becoming less dependent on temperature (T ) with in-
creasing x, showing a T dependence similar to that of
χ(T ) for x ≥ 0.07. Note that this behavior is apparently
different from that expected from the Korringa relation
(λ · T−1 = const.) for normal metals. Considering the
way how λ depends on ν, and χ in eq. (1), this would
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FIG. 3: (Color online) Temperature dependences of (a) de-
polarization rate (λ) and power (β) in Y1−xScxMn2 obtained
by curve fitting of A(t) for x = 0.03 (circles), 0.05 (triangles),
0.07 (squares), and 0.08 (inverted triangles), respectively. β
for x = 0.08 is fixed at 2 K (only which is shown here).
mean that ν becomes linearly dependent on T with in-
creasing x. Meanwhile, the behavior of λ for x → 0.03
is understood as the freezing of the Mn spin fluctuation,
as the transition to the quasistatic spin-glass state oc-
curs in the sample with x = 0.03 below Tg ≃ 3 K (where
Tg is defined as the peak muon depolarization rate under
LF=10 mT)[16]. The behavior of λ observed for x ≥ 0.07
shows a distinct similarity to that in LiV2O4 [4].
Figure 4 shows the T dependence of ν deduced from λ
using eq. (1), where ν is in the range of 100–102 GHz (109
–1011 s−1) in the sample with x ≥ 0.07 over the observed
temperature range of 100–102 K, while it shows a steeper
reduction with decreasing temperature for x ≤ 0.05. Al-
though the use of a stretched exponential decay in eq. (2)
prevents ν from being simply interpreted as a mean when
β < 1, ν serves as a “characteristic frequency” that de-
scribes the spin dynamics on the basis of eq. (1) [21].
Solid lines are obtained by curve fitting using a power
law, ν = c · Tα, with c and α being free parameters.
[These are only for data below 20-40 K, which are rela-
tively free of systematic uncertainty coming from correla-
tion among fitting parameters (ν and β) in the preceding
curve fits of the time spectra; see the scattering of pa-
rameters at higher temperatures in Fig. 3] As shown in
the inset of Fig. 4, α exceeds 2 in the case of x = 0.03,
whereas it approaches unity for x ≥ 0.07.
It would be worth stressing that nuclear magnetic res-
onance (NMR) and inelastic neutron scattering (INS)
studies of the paramagnetic phase of Y1−xScxMn2 con-
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FIG. 4: (Color online) Spin fluctuation rate (ν) as a function
of temperature and Sc content (x) in Y1−xScxMn2. Solid lines
are results of curve fitting using a power law (ν ∝ Tα). Inset:
α obtained by curve fits vs x. Right: characteristic range of
ν and corresponding energy scale (see text).
ducted thus far are mostly concerned with the relatively
high energy part of spin dynamics, where they have
demonstrated the presence of antiferromagnetic (AF)
correlation with a characteristic frequency scale of νAF ≃
1013–1014 s−1 (see Fig. 4, right) [19, 22–25]. In particular,
a strong hyperfine field exerting on 55Mn nuclei [corre-
sponding to δµ ≃ 1.2 GHz in eq. (1)] drives the sensitive
range of NMR up to such high frequencies [23]. Interest-
ingly, the latest INS study of a single-crystalline sample
(x = 0.03) revealed that the intensity centered at approx-
imately Q0 = (1.25, 1.25, 0) (in reciprocal lattice units)
exhibits anisotropic broadening along the Brillouin zone
boundary, which is interpreted to be due to the existence
of the degeneracy of states associated with geometrical
frustration [25]. Although this might be reminiscent of
low-energy spin dynamics, the details are yet to be clar-
ified.
According to a theoretical investigation of intersect-
ing Hubbard chains as a model of pyrochlore sublattice
in LiV2O4, the low-energy part of spin dynamics is pre-
dicted to exhibit a linearly T -dependent relaxation rate
in the spin-spin correlation [11]. The observed behavior
of ν in Y1−xScxMn2 for a greater Sc content x (where
the system is far from spin-glass instability) is perfectly
in line with the above prediction, suggesting that the
t2g orbitals associated with Mn atoms retain their one-
dimensional (1D) character over the relevant temperature
(energy) range.
Here, we ought to point out that the spin fluctuation
rate in LiV2O4 obtained by earlier µSR measurements
(νD in ref. [4]) was derived from the corresponding muon
depolarization rate (λD) using a theoretical model that
would have been valid only for the limit of localized vana-
dium moments: re-evaluation using eq. (1) for the metal-
lic state indicates that νD exhibits a linear T dependence
[26], which is perfectly in line with the behavior of the re-
laxation rate (ΓQ ∝ T for T < 10
2 K) observed over the
low-energy region of the INS spectrum [27]. This implies
that both µSR (q-averaged) and INS have been probing
similar parts of the spin fluctuation spectrum of LiV2O4,
which is common to the present case of Y1−xScxMn2.
Among the many theoretical models for the micro-
scopic origin of heavy fermion state in LiV2O4, that by
Fujimoto regards the quasi-1D character of the t2g bands
associated with the pyrochlore lattice (consisting of in-
tersecting chains of t2g orbitals) as an essential basis for
the description of electronic state, as it is expected that
the hybridization between the 1D bands will be strongly
suppressed owing to the geometrical configuration [12].
The model incorporates the hybridization as a perturba-
tion to the 1D Hubbard bands, which yields an energy
scale (T ∗) that characterizes the dimensional crossover
from 1D to 3D as the Fermi-liquid state develops with
decreasing temperature below T ∗. The calculated spe-
cific heat coefficient taking account of the latter as the
leading correction to the self-energy yields a large value,
consistent with the experimentally observed ones. The
progression of hybridization also induces the enhance-
ment of the 3D-like spin correlation that would appear as
the enhancement of uniform susceptibility, while the spin
fluctuation is dominated by the staggered component of
1D Hubbard chains. The increase in χ in Y1−xScxMn2
at low temperatures (which is common to the case of
LiV2O4) may be understood as the manifestation of such
a dimensional crossover with T ∗ ≃ 102 K, while the in-
crease in χ with T for T > 102 K is typically associated
with the low-dimensional character of AF spin correla-
tion. The quasi-1D character of the low-energy spin fluc-
tuation preserved below T ∗ coexisting with the enhanced
χ comprises strong evidence of such a scenario.
Finally, we note that the weak temperature depen-
dence of β observed in Fig. 3b might be attributed to
the dissipative character of excitation energies involved
in spin dynamics induced by the random potential of Sc
substitution [28]. To eliminate such an extrinsic effect, a
µSR experiment on YMn2 under hydrostatic pressure is
currently under consideration.
In summary, we have shown by µSR study that the
low-energy spin dynamics in Y1−xScxMn2 is character-
ized by a linear T dependence of fluctuation rate that
is explained by the theoretical model of intersecting 1D
Hubbard chains. This property is common to another
d-electron heavy-fermion system, LiV2O4, and indicates
that a geometrically constrained t2g band is the primary
stage for the formation of heavy quasiparticles with the
1D-to-3D dimensional crossover as a possible mechanism.
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